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Part I. Structure.

(a) Historical.

The first, suggestion of any stnicture at all olisorval)le in cJiro-

mosomes seems to be dne to P f i t z n e r (' ^lorpli. Jalnl),', vii,

1882), who suggested that a chromosome is made up of a row of

granules of chromatin embedded in an achromatic or less

chromatic thread. Belief in these granules —later dignified by

the names of ' chromomeres ', ' chromioles ', and the like —long

held sway, and still lingers in manj^ minds. I do not think it

necessary to enter into a detailed discussion of this view ; for

I think it is now indul)ital)le that the supposed granules are

nothing but the misinterpreted images of twists of the chromo-

some, or of bulges in it. The figures illustrating this paper

afford abundant instances of bulges caused by twists of the

chromosomes ; and those illustrating my paper on the chromo-

somes of Paris quadrifolia ('La Cellule", xxviii, 2,

1912, p. 265) of bulges caused by alveoles in them ; either

of which, if indistinctly seen, may lend themselves to an

erroneous interpretation as granules.^

At the present time two other theories are in the field : llie

chromonema theory, and the alveolation theory.

^ The chromomere theory seems to have been given up even by F 1 om-
min g, who at one time accepted it. For in his paper, " Xene Beitriigo znr

Kenntniss derZelle", II. Tli. ('Arch. mikr. Anat.', xxxvii, ISOl). wbilst dis-

cussing the division of chromosomes, no mention is made of the gi'onules,

which he had formerly taken to be active agents of the division ; and liis

figures no longer show any such granules, but in many ]>laoos sliow inslc.id

more than hints of the bulges of a twisted thread.
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Till- chronionfiiia llicoiy concoivos of the chromo-

somo as composed (at least at a certain stage) of a continuous

filifonu clin.iMMtic element— often spirally coiled— supported

(III an aclintmat ic core, or contained in an achromatic cylindrical

matrix.

This notion is due to Baranetzky, who in 1880 (' Bot.

Zeitung', p. 241) descrihed and figured, in the pollen mother-

cells of T r a d e s c a n t i a v i i- g i n i c a, a fine chromatic fihre

s]>irally coiled, at the surface of the cliromosomes, round an

achromatic core.

In 1001 .7 a n s s en s (' La Cellule', t. xix, pp. 55 and 58) de-

.scribed similar chromatic spirals uncoiling themselves from the

chromatin clumps of the resting spermatogonia of the newt,

and even figured similar filaments coiled within the chromosomes

of the telophase, closely applied to an enveloping membrane.

Later (' La Cellule', t. xxii, 1905, p. 413 and figs. 42 to 50 and

52 to 55) he figured achromatic membranes clearW existing

around the ' pachytaene ' chromosomes of the auxocytes of

B a t r a c h o s e p s a 1 1 e n u a t u s , and concluded that in the

stages of the bouquet and the strepsinema all the chromo-

somes are in contact with their neighbours by means of these

membranes
—

' les chromosomes se touchent tons '.

Bonnevie (' Arch. Zellforsch.', i, 1908, p. 450, and particu-

larly pp. 471, 473, 477, 479, 509 ; ii, 1908, p. 201, and particu-

larly pp. 266-70 ; ix, 1913, p. 433) from a study of chromo-

somes of Ascar is. Allium, and A mp h i u ma , deduces

the following conclusions : A prophasic chromosome consists of

an achromatic core on the surface of which is spread a con-

tinuous mantle of chromatin (I find no mention of a membrane).

In the telophase this mantle becomes differentiated into a

spirally coiled thread, whilst the achromatin is cast out into the

new nucleus. The spiral threads of chromatin then put forth

lateral processes which anastomose with those of neighbouring

threads, and so form a nuclear network. At the next prophase

the anastomoses are withdrawn, the chromatin threads shorten

and thicken, and differentiate into chromosomes showing a

n e w 1 V for me d achromatic core with a continuous mantle of
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chromatin derived from the persisting chromatin of the telo-

phasic spirals. These spirals are therefore the rudiments of

anew gene r a t i o n of chromosomes.

K. C.Schneider (' Festschr. f. E. Hertwig ', i, 1910, p. 215)

also describes the chromosomes of the anaphase as consisting

of a chromatic spiral enveloping an achromatic core ; but

finds this spiral become double in the telophase. He does

not find in the quiescent nucleus a network formed by ana-

stomosing processes of the spirals, but only a tangle formed In-

the attenuated and elongated spirals themselves. But these

spirals are difTerentiated into chromatic granules united by an

(apparently) achromatic thread. The prophasic chromosomes

are formed by the condensation of the granules into (two) new

chromatic spirals enveloping this thread.

V e j d o V s k y (* ZumProblem der Vererbungstrager ', Prag,

1912) also finds that a ' ripe ' chromosome consists of an

achromatic core round which is wound a chromatic fibre. To

this fibre he gives the name of ' chromonema '. He finds no

membrane. At the telophase, the achromatic core is cast out,

and, swelling, forms the nuclear enchylema. But the chromo-

nema differentiates into a new achromatic thread with chroma-

tic granules (' chromioles ') imbedded in it. The threads thus

constituted anastomose into the network of the quiescent nu-

cleus. At the prophase the anastomoses are withdrawn, and the

chromioles fuse into a new continuous chromonema, spirally

coiled round the persisting threads. In the later prophase the

chromonema segments into ' chromomeres ' which undergo

bipartition, and so bring about the division of the chromosomes.

So that Vejdovsky, though a supporter of the chromonema

theory in so far as he recognizes the chromatic thread as a

chief constituent of the chromosome, does not entirely' discard

the granule theory of Balbiani and Pfitzner. Like Bonnevie,

he conceives of the chromonemas as the rudiments (A n 1 a g e n)

of a new generation of chromosomes (op. cit., p. 171.. et

passim).
The alv eolation theory was foreshadowed by somi"

observations of v a n B e n e d e n's , but has only been worked up

B 2
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into n f l)('on- of tli.- (inicsc.-Mt nucleus lately, by G r e g o i r o and

his i)ui.ils (G r e g i.i !• < et Wy g a e its, " La Eeconstitution du

Novau et la Formation des Chromosomes", 'La Cellule', xxi,

1!>03. p. 7 : (I rego i re .
" La structure de I'element chromo-

s<>ini<|iie :iu repos et en division ", ibid., xxiii, 1905, p. 311 ;

and other papers l)y himself and Ids pupds). According to this,

the homogt-neous chromosomes of the prophase become during

the teloi)hase honeycombed with numerous vacuoles or alveoles,

which end by splitting each of them up into a mere network of

chromatin. These networks then anastomose by lateral pro-

cesses, and there is thus formed a network of networks, the

reticulum of the quiescent nucleus. At the next prophase the

anastomoses nvo drawn in, and homogeneous chromosomes are

formed anew from the remaining reticular tracks by the

obliteration of their alveoles and condensation of their honey-

combed chromatin into a homogeneous thread.

I have already (' La Cellule ', xxviii, 1013, p. 265) published

a study of the essential points at issue between G r e g o i r e and

Bonn e vie, as exemplified in the pollen grains of P a r i s q u a-

drifolia. I there found the chromosomes to be alveolated

as described by G r e g o i r e ; but I did not find their alveolation

to progress in the telophasic chromosomes to the point of

breaking them up into networks. On the contrary, I found their

alveoles to disappear, and the chromosomes to condense into

thin spiral threads. But I did not find these threads to ana-

stomose into a network in the resting nucleus, as described by

B o n n (M- i e . I found nothing worthy of the name of a network,

b\it only a tangle of llie much elongated aiid attenuated spiral

chromosomes. I found these persisting throughout the inter-

]»liase. and at the next prophase foiining typical chiomosomes

by slioilcning and thickening and at the same time again

becoming ahiolated. Fig. 1^ ve]iresents a typical grou]) of

' Tliis is a drawing of tlio anaphase shown in lig. f> of iny paper, aniondod

l)y tlio addition of the sheatli and lateral processes round the axis of the

clironioHomes, which had escaped mewhen the original drawing was made.

T think it quite likely that there may be also a very fine periaxial spiral, in

eorres])ondence with the lateral processes, round tlie axis of the chromo-
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cliroinosoiiU'S lioiu-ycoiiibotl by easily porccptibk- alwules,

of the existence of which there can be no doubt. 1^'or a detailed

description of the characters of these alveoles, the reader will

do well to refer to the paper quoted. Fig. 2, which is a slightly

corrected copy of fig. 13*^'^ of the same papcn', shows the solid

spiral threads into which thes(> alveolated chromosomes become

transformed during the telophase.

Later, I have extended this study to tin; chromosomes of the

nuclei of the pollen cells and of some tissues of L i 1 i u m
croceuni and L. mart agon, and obtained exactly the

same results. Combining these results with those of G r e g o i r e

and Wygaerts for Trillium gr andi f lor u m and T.

c e r n u u m, of G r e g o i r e for A 1 1 i ii m c e p a , A. a s c a-

lonicum, and A. p or rum, and of Bharp ('La Cellule',

xxix, 1913, p. 297) for V i c i a fab a, and rejecting as erroneous

the statements of those writers who have described in plant

chromosomes a spiral hbre instead of alveoles,'^ we hnd that all

the p 1 a n t chromosomes that have been successfidly studietl

hitherto ])ossess an alveolated structure in the prophases,

equatorial phases, and anaphases.

The present paper deals with certain a n i ma 1 chromosomes.

Only one rt'cent writer, K o w a 1 s k i , has described a.ny of these

as alveolated. Kowalski (' La Cellule ', xxi, 1904, p. 349),

studying divers nuclei of the larval Salamander, arrived at the

conclusion that their chromosomes all conform to the aheolation

theory. I have carefully examined all the chromosomes studied

by Kowalski, and many other of the Salamande)' larva,

somes ; and that if this spiral cannot be nuule out with ecitainty ( I think

I sometimes catch glimpses of it), it is because the image of it is obscured

by that of the walls of the alveoles. But this, if it exists, is certahily not

the spirally coiled thread described by Bonnevie. I intend to return to this

point in another paper.

1 Bar a nccki's observations may safely be rejected, because t licy have

been controlled by C a r n o y and by vS t r a s b u r g e r , who did not lind the

alleged fibre ; and those of B o n Ji e v i e on A 1 1 i u m, Ix'cause tliey arc con-

tradicted by the everyday experience of botanical cytologists. Both these

writers have apparently misinterpreted images of walls of alveoles, or of

torsions of the whole chromosome, as images of a spiral libic.
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and liiid that luitluT these nor any other of tlie animal chro-

niosomcs that I have studied do so ; but that on the contrary,

at one jx'riod of their existence, they all do possess a cer-

tain spiral dilTerentiation answering, to s o me e x t e n t, to

V e j d (• A- s k y's ' chromonema '. The following pages set forth

the evidence for this, but will, as I think, also show that the

advocates of the chromonema theory have pushed it too far

;

for the spiral differentiation in question does not constitute

an indepi'udent fibre, and does not foi'm the germ of a new

chromosome.

The chromosomes described are chiefly those of prophases,

e(|uatorial phases, anaphases, and telophases ; but I have

touched on those of some interphases in which certain of their

characters are demonstrable. I do not attempt in this paper to

describe the nuclein elements of completely ' resting ' nuclei.

The results set forth are based on the study of chromosomes of

the Amphibia (chiefly Urodela). Careful investigation of the

nuclei of the other classes of the Vertebrata has shown that their

chromosomes, though conforming apparently in all respects with

those of the Amphibia, are mostly too small to afford trust-

worthy images of the details in question. The same is the case

with most of the Invertebrata, only certain nuclei of the Ortho-

ptera being found to possess chromosomes which, though

smaller than most of those of the Amphibia, yet afford images

which are often clearer. The majority of the figures are of

chromosomes of spermatogonia, the most favourable kind for

study. Those of spermatocytes and oocytes are excluded from

the survey, because in them the details are obscuretl by the

complications due to the processes of conjugation. Most of

the images described are from paraffin sections : surface

preparations show nothing more than these. The most trust-

^^•orthy fixing agent has been found to be picro-formol (Bouin's

formula). Iron haematoxylin has been found to be incomparably

the best stain ; but it should not be used quite as laid down
in the books, which give excessive times and strengths. You
should mordant (sections of 7-5 microns, or less) for not more
than -1\ minutes in a solution of iron alum of 4 per cent, or
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weaker ; and stain in a half per cent, (or weaker) solution of

haematoxylin till the sections appear dark grey, not black
(about twenty-five minutes in a virgin solution, or not more
than four in one which has already had several slides passed

through it); and differentiate in the iron solution for at least

a couple of minutes after the sections, examined in water,

seem sufficiently extracted. For the stain always appears much
lighter in water than in balsam. For the study of the sheath,

mount in Gilson's camsal balsam or euparal, rather than in

balsam.

(6) Descrijytive.

It will be best to begin with the study of some chromosomes

taken at the anaphase, the most favourable moment, figs. 3 to

18.^ The chromosome of fig. 6, which may be taken as typical,

is from a spermatogonium of S a 1 a ma n d r a maculosa.
It shows the following two (not three) constituents, namely

a chromatic (basophilous) axis, and an ' achromatic '
(i. e.

acidophilous) sheath enveloping this. The chromatic axis

is by far the more conspicuous of the two ; so much so that, as

the sheath is seldom conspicuous enough to compel attention,

the axis alone is all that is usually seen, and is therefore generally

taken as the whole of the chromosome. But the sheath (which

is none other than the achromatic membrane described by

Janssens, 'La Cellule ', xxii, 1905, p. 413 and figs. 42 to 50 and

52 to 55, as found in the auxocytes of Batrachoseps
attenuatus), thougli it is a difficult object on account of-

its great tenuity, can generally be made out in well fixed

specimens.

The axis has approximately the ionn of a cylinder, showing

a circular section. But it is not a cylinder of regular calibre,

for it is generally somewhat dilated at the ends, as seen hi

figs. 6, 7, 14 (and to a slighter degree in figs. 3 and 4), thus

becommg somewhat claviform. And it is generally notably

narrower at the polar bend than elsewhere, figs. 3, 4, and

1 For the objcela fium whicli these tigs, arc taken, see the Explanatiuu

of the Plates.
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I'sitieially 11 ; and at lliis ])oiiit is griiorally sumeAvliat HattciK-d.

At its ends (where not sectioned by the knife) it terminates

in :i smooth tlome-shai»ed suiface, from the summit of which

theic can frecjuently bi' seen to emei}^^' a tiny tag, the vestige of

its union with its hite sister chromosome, tigs. 6, 7, 14, 5, 12,

all of which show the tag ; and 8 and 4. It is undoubtedly

Milid. not hollow. Surface views (see the tigs, quoted) show no

lumen, nor any trace of the alveoles found in plant chromosomes
;

but the}^ may seem to show a border darker than the imiermost

part, as in one or two of the chromosomes of figs. 3, 4, and 5.

But in these cases it is generally possible to see that this border

is not coutinuous, but consists of a series of elongated dots.

IVansverse sections frequently show as disks with a dark

border and lighter centre, fig. 15, wdiich may give rise to the

impression that there exists an axial lumen. But I have satis-

fied myself that the axis is in reality solid, and that the dark

border is due, for the most part at least, to the periaxial spiral,

about to be described, showing there. It is frequently pos-

sible, by very careful focusing, to see that this border is darker

at one side of the disk than the other, which I take to be duo

to a sector of the spiral being in sharpest focus there. Thus in

iig. 15 a, at the top left it is darker to the right ; at the top right,

darker at the bottom ; and in the lowest disk darker at the top.

And the darker sector can be seen to turn round the disk with

e\-ery change of focus ; which is just as a spiral viewed end-wiso

must beha\'e.^ Similar images are shown, more clearly, by three

of the less darkly stained chromosomes of fig. 15 c*. Those of

fig. lob show the darker border as an apparently entire ring,

not a mere sector ; and the fourth chromosome of 15 c shows
as a disk with a mere hint of a darker border.

Further, in the lighter-coloured centre of the disk there can

sometimes be seen a daiker comma-shaped dot. One of these

is seen as a mere dot in the two upper disks of fig. 15 a, and as

' I'or LliisKpinil tu l)c domon.stratcd it is iiiijRuativc Oiat; the cliioinu«uiiie

)h; uot ovci-stainod. fur if it is tlio axis will apjicar as tlaik as the spiral, and
t lie. spiral will iKjt \tv seen. V c j il o v s k y"s iiguics grossly exaggerate the

distiuetueas of the spiral at the best of times.
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a comma in the lower one. This I have no doubt is nothing but

an out-of-focus portion of the periaxial spiral coming into view

from a lower depth, in a somewhat tilted chromosome.

I think the utmost that can be admitted in the way of

any hollowness of the axis is that this may possibly possess

a cortical layer somewhat denser than the rest. But I think

the appearances are sufificiently accounted for by the periaxial

spiral.

On the surface of this otherwise homogeneous cylinder there

runs a spiral of somewhat denser substance than the rest,

tigs. 3 to 14. This periaxial spiral is evidentl}- some-

what denser than the rest, because it resists decoloration in

regressive staining more strongly ; but it is evidently of the

same composition, for its a f f i n i t i e s for stains are the
same. It is not somethmg separate from the rest of the

cylmder, but is continuous with it. It is not fittingly described

as a fibre wound round a core : for there is no space between

the spiral and the rest of the axis ; there is no hhit of a dis-

contmuity between the two either in surface views or in section.

Nor should it be described as a fibre countersunk or partially

embedded in the axis : for if it w^re a fibre its section would

show as a small circle (or other figure) having a definite limit all

round ; but these spirals only show a definite limit outside
the general surface of the core ; inside, they merge in its

substance indistinguishably. V e j d o v s k y 's term of ' chro-

monema ' is a misnomer : the thmg is not a fibre, but a rib or

ridge. It must therefore be taken to be a mere spiral con-

densation of the cylinder substance.

It is true that cases such as that shown in the left-hand

chromosome of fig. 3 are not very infrequent. At the middle

of the longer limb of this chromosome there is a break ; and

the spiral is seen to bridge over the gap between the two parts.

But I take it that that is only because its toughness has enabled

it to resist where the rest yielded
;

just as when you break a

twig you frec^uently get the two parts hanging togt-ther by a

strip of bark.

The periaxial spiral sometimes seems to course uninterruptedly
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tlu' whole h-ngtli of (.h<^ cluomosome (with the exception of

tlie extreme tips). IJiit often, as shown in fig. 14, it seems to

i.'e iuteirupted at the polar bend, the bend only showing an

attenuated tract of the core without any perceptible ridge on

it. At tile tips, the spiral ceases at the base of the dome-shaped

surface, and is not continued up to its summit, figs. 6, 7, 14.

It seldom shows a regular pitch thioughout, for its turns are

sometimes veiy widely spaced, as in figs. G and 7, but often

so closely approximated that they almost touch one another,

as shown at the tip of the right-hand limb of iig. 14. The

drawings, in which the spacing bi^tween each turn has been

reproduced with scrupulous care, will give a better idea of

this than any desc)ii)tion.

It has been said that the spiral shows no definite limit

inside the general surface of the axis ; but outside this

it does. Its optical section there shows as a series of minute

conical elevations, giving, in inferior images, the appearance of

a row of minute thorns. These elevations are figured in several

of the dmwdngs of recent observers, and are by their authors

considered to be in effect minute thorn-like processes. But

careful observation of w^ell -preserved specimens (with good

objectives and a first-class condenser) shows that the two out-

lines of each of these apparent cones do not terminate at

th'.' apparent apex shown under inferior definition, but merge

there into a smgle line which is continued outwaids, generally

hi a perceptible curve, till it reaches the membranous sheath.

And it can often be seen to insert on this by means of a delicate

conical enlargement. All the drawings, figs. 2 to 18, show some
of these lines, and the enlargement is shown very clearly in

figs. 7 and 23, and less clearly, but still recognizably, in several

parts of the remaining figures. These enlargements, then,

show as a row of minute cones having their bases applied to

the inner surface of the sheath, and their apices continuous

with the line which springs from the cones on the axis. There

is always one of these cones on the sheath for each oiu' on the

core. Those on the sheath can often be seen to be situate, not

diametrically opposite to those on the core, but a little highei
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up or lower down, at the extremity of a line which prolongs the

course taken by the spiral across the axis. This is shown in

fig. 14 ; but in the remainder of the figures is not shown clearly

on account of the frequent derangement of the symmetry of

the disposition caused by stretching or other displacement of the

sheath. But there can be no doubt that the relations of the

two sets of cones are as described.

The line that joins the elevations on the axis to the sheath,

including its aponeurosis thereon, is very faint, but it can

sometimes be seen to be stained. In that case, it stains in the

same tone as the axis ; for instance, I have obtained it un-

mistakably red with safranin. This ligament, then, is a

prolongation of the substance of the spiral. And, taking all

these facts together, we must come to the conclusion that each

of these apparently filiform ligaments is nothing but the optical

section of a flange-like or pterygoid membranous ex-

pansion of the spiral. This cannot be seen as a membrane,

full face, because it winds round the axis in such a way as always

to present its edge to the observer ; and also because it is so

thin (I should think anything under a twentieth of a micron)

that if ever a portion of it should come to lie full face it would

still be invisible through its thinness.^

Wemay, if we like, call the optical sections of this membrane

lateral processes of the axis ; which well describes the

optical image. But then we must bear in mind that there

is in reality o n 1 y o n e of them, which courses continuously

round the axis like the lamina spiralis cochleae round the

modiolus. And we can make a rough model of a chromosome

of this type by taking a carpenter's screw and inserting it into

a quill into which it will just fit.

The whole of the chromatic axis, the innermost part as

well as the spiral and the lateral processes, is most decidedly

basophilous: no part of it is achromatic nor acidophilous

(which is what the authors quoted in the Introduction meanwhen

^ The aponeurosis of this membrane on the sheath can sometimes be seen

as a spiral line rmuiing along the sheath. I have abstahicd from drawing

it on account of the difficulty of showing it clearly.
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llu-y say ' acliioiiiatic '). It stains ciu'igetically in the fivsh

stato with acid nulliyl ^reen ; and in the fixed state it stains

(.nerj^etically and sch'ctivoly with safranin, gentian violet,

and thi' other usual basic stains. The only ground that I

can discoN'er for the belief in an ' achromatic ' core in it is

the fact discussed aboAc, that the periaxial spiral generally seems

unnv darkly stained than the rest of the cylinder round which

it winds. But that does not in the least point to a difference of

ehromatophily between the two. The inner part of the axis

stains (generally) less darkly than the spiral because it is less

d(.'nse. And that is all ; for the two stain, qualitatively, with

exactly the same selectivity for stains.

T h e s h e a t h is a continuous tubular membrane, of a thick-

ness of the order of about one-twentieth of a micron. It is of

irregular calibre, but roughly of a diameter of about three times

that of the axis (see figs. 2 to 18 and others). It is very fre-

quenth^ seen to be indented wdiere the lateral processes insert

on it, as though it were held down at these points, but blown

up between them. It is sometimes seen to be continued round

the tip, as in most of the figures given ; but sometimes seenjs

only to reach to the base of the dome-like surface, as in tig. 14.

It is absolutely structureless. It is decidedly a c i d o }) h i 1 o u s,

staining readily though somewhat feebly (to alK)ut the same
degree as spindle fibres, for instance) with Siiurefuchsin,

Siiureviolett, or Lichtgriin ; arul not staining with basic dyes.

The space between this membrane and the axis is filled with a

substance of glassy clearness, which is free from all trace of

granules or other differentiations, and entirely achromatic,

not staimng in anyway. If it appear to be tinted, as it some-

times may, that is due to the staining of the membrane. This

substance may be liquid, or may be gelatinous.

I find the sheath on all anaphase chromosomes of which
I can obtain sufficiently good images ; and have concluded that

it is as universal an attribute of all chromosomes of this stage

as the axis and the peiiaxial spiral.

These, then, are the features which can be detected on

favourable specimens of animal chromosomes at the anaphase.
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We have now to inquire to what extent they are present in

other phases ; and this with special reference to the assertion of

B o n n e V i e and V e j d o v s k y that at the telophase one part

of the chromosome axis is cast out into the new karyoplasm,

whilst another persists as a spirally coiled thread which forms

the rudiment of the new chromosome.

At the end of the anaphase the ' daughter-star ' of chromo-

somes contracts into a figure which is called by some the
' tassement polaire ', a term which we may translate by p o 1 a r

clump. In this clump (figs. 29 to 34) the chromosomes become

so densely crowded, and even agglutinated together, that it is

impossible to follow out their minute details with accuracy

throughout (in the Amphibia : in some other groups the case

may ])e different). Still, enough can be seen in suitably fixed

clumps, such as those of figs. 30 and 31, to warrant the assertion

that the essential features of the chromosomes persist. In

fig. 30, for instance, the chromosome axes can in many places be

made out, appearing as thin threads (therefore considerably

shrunken) collocated in pairs (an important detail, the dis-

cussion of which is best reserved for Part II). The periaxial

spirals can just be detected on some of them ; and on others,

where they cannot be seen as lines wound round the shaft,

their presence is made probable by the lateral processes which

can be seen on their edges. And towards the ends of the chromo-

somes, wherever they stand clear, the sheath membrane can

generally be made out as a fine line bridging over the tips of

the processes. The sheath can indeed generally be seen round

the edges of even highly-agglutinated clumps, figs. 32, 33, 34.

In fig. 31 (Bombinator) these details can only just be

glimpsed here and there, on account of the smaller size of the

elements ; but indubitably exist there as described for fig. 30.

Wc* may conclud(^ that at the height of the clump stage the

chromosomes —though generally much shrunken, c()m})ressed,

crumpled, and otherwise distorted —have more or less I'eta-iiieil

all their essential features.

This stage is of short duration, the clump soon passing by

a process of expansion (to be explained in Part II) into the
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tflnphaso. Tliis noxt staf:to will ho most convoniontly studied

in the sporiiiato<Tonia and oof^onia of the Amphibia. For

here, as the chinii) passes into llic telophase, it expands into

a wide r'mp,. on the surface of which the chromosomes are set

on widely spaced meridians, figs. 43, 44, 45, 48, 40, 50. and

others. Owing to this ai-rangement they show only a minimal

amount of overlapping, and, standing out on a clear liack-

ground, can be studied with sufficient accuracy.

In the earliest stages of this process of expansion (figs. 35 to

38) we find much the same state of things as in the denser clump.

The paired chromosome axes can be more clearly distinguished :

periaxial spirals can be just detected on some of them, and

on others their existence is placed beyond all reasonable doubt

by the lateral processes visible on the edges of the axes. And
the sheath can be made out on many of them (same figs.). In

later stages such as figs. 39 to 47, the demonstration of these

details becomes more difficult, mainly on account of two com-

plications which here ensue. One of these is the formation

of trabeculae (' anastomoses ' of some authors) between the

chromosomes. These trabeculae obscure the lateral pro-

cesses, with which they are easily confused, and so deprive us

of an important guide for the detection of the periaxial spirals.

The other is, that as the clump expands, the chromosomes

elongate ; and as they elongate their duplicate axes twine
round one another, figs. 35, 39 to 47.^ This involves

' This gives us the key to Kowalski's assertion (op. cit. )that the chro-

mosomesof the salamander larva are at certain periods alveolated. Thirteen

of his figures purport to show the alveoles in question. Eight of these are

of telophases. On comparing them with my figs. .39 to 51 it becomes

evident at once that Kowalski has interpreted images of doubled and

entwined chromosome axes as borders of alveoles —which is very natural,

for a thus doubled chromosome easily gives the impression of an alveolated

cylinder if you are not able to obtain a sufficiently sharp focusing of its

entwined axes. The remauiing five of Kowalski's figures of ' alveolated

'

chromosomes are of spiremes, such as my figs 25 to 27, and manifestly only

sliow that the chromosomes he had before him were double, transverse

tral)eculae uniting their two moieties Ijeing taken for transverse walls of

axial cavities in an undivided cyluidcr or riband.
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a continual displacement of the direction of the axes, making it

extremely difficult to follow them accurately for more than very

short distances, and thus making it next to impossible to dis-

tinguish the p(n'iaxial spirals running across them. Still, at

this stage, it can be inferred with certainty that these exist at

least to some extent ; for indubitable lateral processes can be

made out in some places ; and the sheath can be observed with

certainty in favourable places, as shown in figs. 39 to 45 (in some

places of these, where not sufficiently evident in th(^ drawings,

I have marked it with a cross).

When the expansion of the clump has attained its greatest

extent, we have the t e 1 o p h a s i c ring, figs, 48 to 51

,

and others. The chromosome axes are here about as distinct

as before ; but the periaxial spirals, lateral processes, and

sheath seem to be w a n i n g . The spirals can no longer he

seen as lines running across the shaft ; and the lateral pro-

cesses can only ])e distinguished from the interchromosomal

trabeculae here and there. But this does not necessarily imply

that they have diminished in number. For at this stage the

chromosomes have elongated considei'al^ly ; and since by their

elongation the periaxial spirals and their processes must be

pulled away from one another, we naturally find far fewer pro-

cesses than before on any given length of an axis. But this is

probably not all that happens. The chromosome of the

anaphase and early polar clump is a very tightly twisted
cylinder ; and there is nothing forced in the supposition that

the spirals on its surface, and their lateral processes, are mere

effects of the torsion it has undergone. And it appears natural

that as the axis elongates at the telophase, it should untwist;
and that in consequence of this untwisting the spirals come to

subside into the shaft, carrying their processes down with them.

Not that the substance of the spirals and processes degenerates

or dissolves ; but that it undergoes a change of configuration :

as when I extend a finger, wrinkles start up on its surface
;

and when I flex it these wrinkles are smoothed down. But be

this as it may, it is certain that in the telophase the pei'iaxial

spirals and processes begin to wane out of sight, till in the
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intorplmsp it is soldom possible to dctoct ovon a vestige of them

with certainty.

As to the shea til at this stage, the appearances are similar.

In the nucleus of fig. 47 (Bo m1) in at or) (which shows one

half of a ring such as that of fig. 50), I am not able to see it,

except (possibly) on the chromosome at the extreme left. In the

nucleus of fig. 48, a later stage, also B o mb i n a t o r, I have

not been able to detect it. In that of fig. 49 (T r i t o n) I think

I can see it in the two places marked with a cross, and glimpse

it in one or two others. In that of fig. 50 (8 a 1 a ma n d r a)

I have been able to see it in a fragmentary way in half a dozen

places, as marked. In that of fig. 51 (Triton, follicle nucleus

of testis) I have been able to detect it in only three places

(also marked). It is certainly less abundantly evident in these

nuclei than in the earlier stages. And this can hardly be

accounted for liy greater difficulties in the way of observation
;

for the chromosomes are now more widely spaced than before,

and observation of their edges should therefore be easier. Add
to this that the sheath when detected can only be made out

in a fragmentary way ; can only be followed for very short

distances ; is less regular than in earlier stages, being frequently

distincth"" dilated ; and can in some places be seen distinctly to

be ruptured (details which it is not possible to render satis-

factorily in a drawing). It may be stated as certain that

towards the end of the telophase the sheath has generall}' to

a great extent disappeared. And this disappearance seems to be

due to a process of real disintegration ending in destruction,

rather than to a mere change of configuration or relation of

parts. For in completely ' resting ' nuclei, even if these are

such as to offer every facility for observation, not a trace of it

can be detected.

The periaxial «"pirals and sheath thus lost to view at the

telophase come into view again gradually at the next prophase.

In the earliest stages in which the spireme is recognizable as

being indubitably such (figs. 24 and 25) it seems to consist

mei'ely of tortuous naked thi-eads (often cleailj' double, same

figs., and especially fig, 25). These may be united by inter-
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chromosomal trabeculae, but show no other lateral processes nor

sheath, though thej' may show in consideral)le abundance

minute nodes or varicosities. And the appearances suggest

that these are nothing but nodes of contraction and torsion

which may well he the first visible stage of the formation of

periaxial spirals and processes. In more advanced stages of the

spireme, such as that of fig. 26, lateral processes and a sheath

can often be made out with certainty, though with extreme

difficulty. At this time (when the loops of the chromosomes are

still so closely crowded together that almost all the sheaths are

in contact with their neighbours) the lateral processes are

sometimes so abundant that w-hen fairly well visible they

give the image of a dense network spread over the whole of

the ground of the nucleus, as showni in fig. 26. Periaxial spirals

cannot be made out on the axes at this time ; but since we have

found that lateral processes are signs of the existence of the

spirals —being in fact only lateral expansions of these outwards

—

we must admit that by this time the spirals are in course of

formation, if not completely formed, even when we cannot so

much as glimpse them.

As the chromosomes contract, they become more widely

spaced, and l\v the time they have contracted into the state

known as the ' segmented ' spireme the lateral processes and

sheath have come into evidence as clearly as in the anaphase,

figs. 27 and 28. In fig. 27 the periaxial spirals cannot be made

out, the moieties of the chromosomes being here especially thin

(as I invariably find to be the case in endothelium nuclei).

In fig. 28 they can just l)e glimpsed in some places. But not

till we come to the chromosomes of the equatorial plate,

figs. 19 to 23, do we find the axis clearly differentiated into a

shaft wdth regular spirals on its surface. In equatorial plates

whose chromosomes have not entirely assumed the form which

they show when definitively arranged on the spindle, the

aspect of the axes is still rather that of a structureless though

twisted thread than that of a shaft with spirals on it (fig. 19).

In the entirely completed and regularized plate the spirals

ceitainly exist throughout, see figs. 20 to 23. If they do not

NO. 257 c
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al lliis liiucs]i(.\v williall llic a i.^oiir and (list inctncss witli Avhicli

tlicy sli«»Av al Die aiia]iliasc, tin's may be sullicit'iitly accounted

for by the ^Mcalcr diflicidly of obsciviiig tlicm in tlio closely

collocated moieties of the einiatorial chromosomes. But it

may equally avcH be that they only attain their complete

development at the ana])hase. Wefind, then, that the periaxial

spirals are only temporaiy formations. The assertion of Bon-

ne v i e and Y e j (1 o V s k y that they persist after the telophase

as rudiments of a new generation of chromosomes is contrary to

tlu> facts. For we liave found that the chromosomes of the

late tdojdiase are for the most part without periaxial

spirals and sheath ; and that that which persists and passes

into the intei'idiase is nothing but the thus simplified a x e s of the

chromosomes. These, on passhig into the interphase, fi'equently

become coiled into very regular spirals, such as have been de-

scribed and figured by many observers (for instance, B o n n e v ie

for Ascaris and Allium, Vejdovsky for Ascaris
and ot lier objects, S c h n e i d e ] for Bala ma n d r a , and

myself for P a r i s q u a d r i f o 1 i a) ; but these do not consist

of pe)iaxial spirals set free from the shaft of the axis, but of

t li e e n t i r e axis in a simplified state. The chromonema

theory is a mare's nest.

Wemay now sum up. There are two 1 3^ p e s of chromo-
somes: one (hitherto only found in plants) which is alveo-

lated from the prophase to the telophase ; and one (hitherto

only found in animals) which is not alveolated at those stages

or any othei-. This last consists (at those stages) of a solid

basophilous axis, possessing a certain spiral sculpturing of its

surface, which we have called the periaxial spiral, and enclosed

in an acidophilous sheath. But this sheath is perhaps common

to both types ; and if the suggestion thrown out in the note on

p. 4 sliould ])rove correct the periaxial si)iral would also be

common to both. Then the oidy important difference between

the two would be that tiie jdant chromosomes have an alveo-

lated, i. e. uKU-e o)' less hollow, axis, whilst th(> animal chromo-

somes liave an entirely solid one.
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Part II. Division.

(a) Historical.

It was made out liy F 1 e mmi n g in 1 8S0 that the chromosomes

of the equatorial plate are double, that is, composed of two

similar longitudinal halves, closely approximated. The parallel-

ism and close approximation of these halves naturally suggested

that they arise by a longitudinal splitting of a previously

undivided mother chromosome ; and this suggested inquiry

as to the means by which the supposed splitting could he

brought about.

In 1881 P f i t z n e r ^ put forth a schema of this splitting which

seemed plausible and met with general acceptance. According

to this, the mother chromosomes are composed either of a single

row of globular granules of chromatin, of a diameter exactly

equal to that of the chromosome and embedded in an achro-

matic matrix ; or of a doulile row of such granules, of onl_y

half the size of those of the single row. These double rows

are sometimes very closely approximated, sometimes less

so ; and finally separate from one another as daughter

chromosomes. The ' splitting ' of the mother chromosome

would thus seem to be brought about by the binary division

of each of its constituent ' granules '.

This theory won ready acceptance ; and the supposed

* granules ', under the names of ' Pfitzner's granules ', ' micro-

somes ', ' chromomeres ', 'chromioles', and the like, are still de-

scribed and believed in and made the basis of much fanciful

explanation.

According to my own very extended observations, this notion

of the ' splitting ' of chromosomes being brought about by the

splitting of their component ' chromomeres ' is baseless. For

no such granules exist at any time. It is abundantly clear to

me that all the appearances that have been described as

' " iiber den feineren Ban der bei der Zelltheilung aiiftretcnden faden-

formigen Differenzirungen des Zellkeins ", in ' Morpholog. Jahibuch ', vij,

p. 289—a much quoted but rather wretched performance.

2
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' Pfilzncr's f]jriiiiiilfs ", ' cliromomoros ', and the like, are, as

already cxitlaincd. notliinj:: hut ill-stvn aii<l faultily interpreted

inia<T('s of hul.i^'fs and twists of the axis of ilic chromosomes

(fifTs. 8 to 28 and many others of this paper should make this

sufficiently clear). It therefore only remains to ])e seen whether

any other mode of division can he made out.

To settle this point, the first step must be to make out at

what stage chromosomes can first be seen to be double. Accord-

m(r to F 1 e mmi n g (" Neue Beitrage zur Kenntniss der Zelle ",

ii, in ' Arch. mikr. Anat. ', xxxvii, 1891, pp. 737, 744, and 745) the

supposed splitting takes place in the spireme stage. And

this is apparently the a iew still taktn 1»y the great majority

of cytologists.

I am not aware that any observer has asserted a division of

chromosomes during the interphase. A longitudinal splitting

at the telophase has been asserted by several writers,

and with especial insistence by D e h o r n e . This waiter even

maintains (in his " Recherches sur la division de la cellule '", in

' Arch. f. Zellforschung', vi, 1911, p. 613) that it may take place

as fai- liack as the a n a phase. This is indulntably eri'oneous.

For beyond all doul)t at this stage the chromosomes show no

hint of duplicity. But as regards the telophase I find

that —in some cases at least —at that stage the chromosomes

are certainly double —in a sense ; and I acknowledge the

essential correctness of Dehorn e's clever figs. 7, 9, 10, 11, 12,

and 18 (his fig. 6, which corresponds to my fig. 48, I think has

been imperfectly understood by him). But I find no trace of

any evidence that this duplicity is lirought about by a

longitudinal s p 1 i 1 1 i n g.

A division of the chromosomes at the telophase has also been

maintained by K. C. S c h n e i d e r . In his ' Lehrbuch der ver-

gleichenden Histologic', 1902, pp. 10, 118, 848, and 939, he

states it as a probable inference. He suggests that at this stage

llie chiomosomes segment t I'an s v er s el y at the polar

bends ; and that the two moieties thus foimed grow past (me

another so as to become parallelly a})proximated throughout

llieii lengths. I have duly investigated tliis point, and find no
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signs of such a process. I need not enter into further details, as

S c h n e i d e r himself seems to have abandoned his supposition.

For in a later work (his " Histologische Mittheilungen", iii,

" Chromosomengenese ", in ' Festschr. f. E. Hertwig', i, 1910,

pp. 218, 219, 221) he maintains his view that a division of the

chromosomes probably takes place at the telophase (or ana-

phase), but now supposes it to be a longitudinal one.^

Of this also I find no evidence. But I do find evidence of

another and simpler process by which the observed images of

duplicity are brought about To the consideration of this we
may now proceed.

(b) Descrijitive.

We have already seen incidentally, in Part I, that in the

Amphibia the chromosomes of the later telophase are double

structures, that is, that they consist of two chromatic threads,

longitudinally collocated and more or less entwined.

This is by no means peculiar to the Amphibia. In smaller

chromosomes than theirs the images are more dilhcult ; and in

much smaller ones it may be impossible to obtain satisfactory

resolution. But enough can be made out to leave no doubt

that it is a very widespread phenomenon. In the Mammalia

I have found it fairly clear in Homo, fig. 54. In some of the

Insecta (notably the Orthoptera) it is as certain as in the

Amphibia, see figs. 62, 66, 67. I think we may take it as the

invariable rule that i n a n i ma 1 s all the telophase chromo-

somes are thus doubled, that is, possess already the duplicity

observed in the chromosomes of the prophase. This relieves us

from the necessity of looking for any process of splitting in the

phases between the telophase and the prophase ; and it only

remains for us to make out in what way the telophasic doubling

is brought about.

1 The reason he gives for this is a strange one. He admits {\k 218) that

the daughter chromosomes of the metaphase only show one sj)iral ; hut

thmks (without asserting it ])ositively) that in the anaphase and telophase

they contain two, because ' the coils they .show are so closely set that they

could hardly be the expression of a single spiral '. How about a reel of

cotton ?
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To asci'itaiii this \vr must retuni to the study of the earHcr

li-lophasi', or polar clump. In the daughter-star of the

anaphase (tigs. 3, 4. 5, Gl) we have a loose assemblage of

chromosomes, i-adially arranged in a ring. These contract into

short stavi'S ; and as they contiact the whole tigure shrinks

(tigs. 29 to 34), so that the staves become closely huddled

together and come into contact ))y their margins. They

generally seem to agglutinate there, and their outlines become

hardly distinguishable, indeed very often quite indistinguish-

able. The clump then appears (figs. 30, 31, 33) as "an almost

homogeneous ribbed disk, with a central pore, generally

obturated by a perforated membrane or web formed (as shown

by profile views) by the confluent remains of the polar spmdle

fibres. The mutual contact or agglutination of the chromosome

staves takes place first in the region of the clump that is nearest

to the pole, their more distal portions remaining longer free :

so that at this stage we get the image of a compact ring with

digitiform processes depending from it —the ' figures pectini-

formes ' of He n n e g u y (figs. 32 and 34). In badly fixed cells

the clumping results in a formless mass, in which the chromo-

somes seem to have become completely fused together. This

state is shown in fig. 34. But, as I gather from the study of my
most favourably fixed specinK-ns, this is an artefact ; and there

is not at any time a real fusion of the chromosomes, but only

intimate contact to the point of indistinctness, or possibly

superficial agglutination.^ Fig. 33 seems to me to show the

utmost degree of agglutination that should be taken to be

normal ; and the real state of things to be fairly well repre-

sented by fig. 30 or 31.

Careful examination of the staves of the clump at this

stage seems to show that they are always in reality double
structures ; for in favourable cases they show unmistakable

indications of a longitudinal duplicity. In fig. 21) there are

four staves, marked with a cross, which show this. In the left-

hand one (near the top) the tip is distinctly bifid ; and this is

' Cf. Jaussens, 'La Ccllulo', xix. 2, 11)01, y. 86, and J an ss ens et

J) u mc z , ibid., xx.2, 11)08, p. 4oO and fig. 15, who have arrived at the same
cuuelusiun.
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also the case with the one at the bottom. In the two right-hand

ones the tips are distinctly double ; and by careful focusing

it can be made out that each of these staves is composed of two

longitudinal moieties, superposed and to a slight extent twisted

round one another. And in three or four of the short dark

staves of the inner tier there can be seen a light longitudinal

dividing line (not sufficiently clear in the drawing).

In fig. 33 nearly one -half of the twenty -one staves drawn are

seen to be notched at the periphery, and two of them show a

longitudinal dividing line continuing the notch inwards. In

fig. 30 I find three cases similar to these, and in fig. 32 two.

I have no doubt that with better ftxation these nuclei would have

shown several more such cases. In the clump of fig. 31 I think

I can detect three or four similar cases, though doubtfully.

The clump does not long remain in this state of dense ag-

glomeration, but soon begins to expand into the t e 1 o p h a s i c

ring. The mamier of this expansion is as follows. Amongst

the staves of the clump —but never on their outer surfaces

—

there appear certain hyaline globules which, growing, push the

staves apart and so loosen the clump. In fig. 38 are shown two

such globules, one to the right, and one to the left ; in fig. 35

three (on the left ; one very indistinct) ; in tig. 37 five ; in the

nucleus of fig. 36 there are a dozen or so, of which only a portion

of one (at the left) could be shown in the drawing, the rest being

too much masked by the sheaths. In fig. 62, to the right, are

seen three ; in fig. 67 two can just be glimpsed (at the left and

middle). These globules are entirely hyaline and micolourable.

Their outlines are generally quite smooth. They are, as I thmk,

ovoid in shape, not spherical : they may show^ a circular outline,

as in the left-hand ones of figs. 38 and 43, and other places ; but

that is the expression of a transverse section of them. I suspect

that there is formed at fii'st one of them for each chromosome.

If that be the case it is a likely hypothesis that they consist of

the clear contents of the sheaths of the chromosomes, expressed

from them by the pressure of the cluni]). But it is difficult to

ascertain the number formed, because they soon fuse with one

another into a small number of largi' globules, see figs. 43, 44, 45.
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Tht'y ultimately all I'usi', appaiviitly, into a .siiigk' liumogeiicous

ring, as sll()^vn in tigs. 49, 50, and others.

As s(H)n as these globules have attained a certain size,

figs. 43, 44, 45, 49, and less clearly yet still indubitably in

tigs. 3G, 37, 38, the chromosomes, which in the clump appear

as straight staves, now appear as more or less sharply

curved staves, set on the surface of the globules or ring,

that is, o u t s i d e them and not embedded in them, see

particularly the profile views figs. 43, 44, 45. Their outer

surface is irregularly convex ; but their inner surface is

flattened on to the curvature of the globule or ring. They are

—

at the stage we are considering —of a length equal to about

that of one of the limbs of the V-shaped chromosomes of the

anaphase (see figs. 3, 4, 17, 61). They do not form complete

hoops round the ring, but arcs that embrace about half a

meridian of it. They thus show two ends, a polar end and an

antipolar end. The polar ends, abutting on the lumen of the

ring, are generalh' closely huddled together and sharply curved

downwards, so that it is impossible to get clear images of them.

But their antipolar ends are generally widely spaced (figs. 43, 44,

45), and here their two component threads may frequently be

seen, with certainty, to be widely divaricated, figs. 43 (in the

middle), 44, 45, which is not the case with the polar ends.

As soon as the process of expansion has set in, the images of

the clump become less indistinct, and the chromosome staves

appear as shown in figs. 30, 33, 35, 36, 37 ; that is, they are seen

with certainty to contain or consist of the thin chromatic

threads running in pairs, which in our study of the clump in

Part I we recognized by their structure as shrunken chromo-

some axes, without discussing the fact of their collocation in

pairs. The members of these pairs run very close together and

in the main parallel to one another, as shown in tigs. 30 to 35.

Images such as these may suggest, strongly, that during the

earlier stages of the clump the chromosomes havi' contracted

into short staves, each of which has untlergone a longitudinal

division ; so that the threads would be the cleavage products

of such a division. Now there is no sign of any such division
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taking place at any time ; but there is evidence that each of

these threads represents an entire limb of the anaphase V
from which it is derived ; and that their parallelism in pairs is

brought about by the folding together of the two
limbs of that V. This evidence is contained in the foUowmg
considerations.

In the daughter-star of the anaphase the chromosomes are

indubitably V-shaped, with equal limbs di^•erging to an angle

of some 45 degrees,^ tigs. 8 and 5 (the apparent shortness of

some of the limbs in these tigures, and the apparent hook shape,

is due partly to unequal degrees of contraction, partly to fore-

shortening). But as the star passes into the clump stage this

divergence becomes less pronomiced, and in the completed

clump we find no such open V's, but in their place a bundle of

short straight staves, figs, 29 to 33, each of which shows the two

thin chromatic threads mentioned above. The observer's first

impression naturally is that each of these staves represents

n e 1 i mb of a V, the relation of this one to the other being

masked by the crowding of the elements. But consideration

shows that this can hardly be. For the staves are only present

in a far smaller number than the limbs of the anaphase V's

—

in the completed clump in only half that of the limbs. Take

for instance fig. 29. This clump, a very early one, contains, as

1 make it, thirty-two seeming staves, of which twenty-nine

are shown in the drawing. Nowthe anaphases of S a 1 a ma n -

dra atra, from which this is taken, have twenty-four V's,

therefore forty- eight limbs. ^Manifestly, therefore, not all the

staves of the clump can represent single limbs ; but some of

them must represent entire chromosomes. Let us suppose that

sixteen of them are in this case ; then these will account for

thirty-two limbs ; and the remaining sixteen staves will represent

sixteen smgle limbs, thus making up the required tale of forty-

eight. Now take fig. 30, a completed clump. I make out

twenty staves shown fairly distinctly (not all drawn), and the

unanalysable portions of the clump may account for a very

1 This fur the nuclei of the Amphibia. Ak we shall see, it is not the case

for those of all groups of animals.
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U'W iiiuit'. So lu'ie we have about twenty-four staves, repre-

senting forty-eight hmbs. Or take fig. 33, also a completed

dump. It shows twenty-one staves, and may contain a very

few more. Therefore here again about twenty-four staves for

forty-eiglit orighial limbs. Now take fig. 31, a nearly com-

pleted clump from B o mb i n a t o r i g n e u s . The diploid

number of chromosomes in this species is sixteen, showing

therefore thirty-two limbs at the anaphase. The clump con-

tains twenty staves. Therefore not all of these can represent

1 i mb s of V's ; but twelve of them probably represent twelve

w hole V's, and the remaining eight represent single limbs of

such ; total, thirty -two.

It is therefore certain that in any polar clump some of the

staves —and highly probable that in the completed clump all of

the staves —must represent each of them two limbs of

a V. And the conclusion follows, that each of those of the

completed clump is in fact a V whose limbs have folded together.

So that the observed duplicity of the staves is not due to the

chromosomes having undergone a cleavage after having in some

other w'ay assumed the shape of staves, but to their consisting

of the two limbs of an anaphase V—or what remains of these.

For the folding fully accounts for the duplicity.

In the Amphil)ia the postulated folding of the V's takes place

as a rule only during the formation of the polar clump, not

before. But exceptionally it may take place during the early

anaphase. Fig. 4 is a case in point. In this anaphase the limbs

of the V's are in several instances closed in to a distance of only

about half a micron (as measured by the drumhead of the fine-

adjustment), and so accurately superposed on radii of the figure

that it is only by the most careful attention that the elements

can be seen to consist of two superposed moieties.

But this, which in the Amphibia seems to be the exception, is

in some other animal groups the invariable rule. For instance,

in the spermatogonia of the Acridian e d i p o d a c o t h u r n a

(A r c y o p t e r a v a r i e g a t a) I invariably tind t he state

of things represented in fig. 61. This is a sagittal section of

a mid-anaphase, the chromosomes being not yet half-way to the
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pole. They consist, all of them, of tightly-folded Vs, appearing

as short staves with the spindle-fibre insertion at the end. But

they are certainly folded Vs with the insertion at the apex :

the two limbs can be made out with certainty at the tips of

four of them ; and a longitudinal duplicity can be at least

glimpsed in all of them.^ I find the same state of things exactly

in e d i p o d a g e r ma n i c a , e . c o e r u 1 e s c e n s , e

.

(M e c o s t e t h u s) p a r a p 1 e u r a , Go mp h o c e r u s r u f u s
,

Stenobothrus morio, St. biguttulu^<, and some

other species of 8 1 e n o b othrus which could not be determined

with certainty. So that in all the x\crididae I have examined

the folding takes place not later than the early anaphase. And
as at this stage the images are not obscured by the crowding

of the chromosomes which takes place in the polar clump, there

can be no doubt about the folding actually occurring.

So also in the Locustidae. Fig. 64 shows an anaphase of

a spermatogonium of D e c t i c u s v e r r u c i v o r u s . The

chromosomes are here smaller than in the Acrididae, and appear

for the most part as short rods with the spindle-insertion at the

end. But it can be made out in favourable instances that they

are in reality folded Vs ; and where this cannot be done, the

analogy with those of the Acrididae puts it out of doubt that

they are in the same case. Similar images are afforded by

D e c t i c u s g r i s e u s, L o c u s t a ^ i r i d i s s i ma , L . c a n -

tans, and P t e r o 1 e p i s a p t e r a . In Gr y 1 1 o t a 1 p a

vulgaris and G r y 1 1 u s c a mp e s t r i s I find apparently

the same state of things, the anaphase chromosomes (with

the exception of the monosome in G r y 1 1 u s) appearing

as short rods inserted by one end on the spindle. These

apparent rods are too small to be analysed with certainty ; but

judging by the analogy of those of the other Orthoptera

mentioned there can be no doubt that they are in reality

* The diawings tigs. 12 and 13 (Dissosteiia Carolina), and 18

(S t e i r o X y s), of the paper of Davis. " Spermatogenesis mAcrididae",

in 'Bull. Mus. Comp. Zool. Harvard', with the interpretations given,

pp. 69, 70, 71 of the text, should, as 1 conceive, be corrected in the

sense indicated above.
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tij^htly-fokk'il ^'s.l And this is also doubtless tlic case with the

very short thick chromosomes of the Hemipteron P e ii t a t o ma

(C a r p t) c o r i s) n
i

g r i c o rn i s .

We find, then, that in the nuclei we have been studying the

chromosomes become doubled at the telophase, or before,

through a f o 1 d i n g - i n of their limbs. This brings

those limbs into a state of parasyndesis or close juxtaposition

throughout their length, so that little change (other than the

elongation due to their growth during the interphase) is required

in order to bring them into the state in which they are found

at the commencement of the spireme stage. This is illustrated in

tigs. 55 to 59. But this process is perhaps not followaxl exactly

in all nuclei. I have evidence that the folding, or at all events

the definitive parasyndesis, of the limbs may be deferred, and

' lu the Orthoptera the foldmg takes phice not only as early as the early

anaphase^ but sometimes as early as the equatorial phase. In the equa-

torial figures shown in figs. 60 (Oedipoda cothurna) and 63

(Decticus verrucivorus) all the chromosomes are tightly folded

into the stave shape. The same is the case in Oe d i p o d a g e r ma n i c a

,

Oe. coerulescens, and Oe. (Mecos tethus) parapleura. In

Ci o mp h o c e r u s r u f u s the majority of the chromosomes appear in the

stave form; but there may be some ojjcn Vs. In ytenobothrus
biguttulus I sus])cet that the equatorials have always exactly two

large chromosomes of the open V shape, all the others being tightly folded

into the stave shape. It is perhaps not rash to conclude that all the cases

of chromosomes described by authors as straight rods with a terminal

spindle insertion are m reality cases of tightly-folded V's with an apical

spindle insertion.

J^'ig. 63 (D e c t i c u s v c r r u c i v o r u s) sliows sixteen large autosomes,

fourteen small ones, and a monosome, therefore thirty-one in all. This is

as it should be : for in this species I find in all unobjectionable images

either sixteen large autosomes and fourteen small, or fifteen large and

fifteen small, and a monosome ; the difference resulting from the fact that

it is sometimes difficult to decide whether a chromosome is an unusually

small • laigc ' one or an unusually large ' small ' one. B u c h n e r ('Arch,

Zellforscii.', iii. p. 342. and tig. 82 of Taf. xix) correctly gives the number
as thirty-one in all. Ve j do vsky (op. cit., pp. 33 and 44), notwithstand-

ing that he had this description before him, insists that there are only

twenty-three in all. Reference to his figs. 65 to 69 shows that he hae

mistaken entire chromosomes tightly folded into the stave shape, and

fortuitously ajjproximated at their iii)ices, for mere limbs of open V's.
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tako place only at the moment of the formation of the spireme,

or even at an advanced period of its evolution. In this case, the

limbs pass through the interphase in a more or less widely

divai'icated state, which gives to the interphase a facies very

dissimilar to that of the interphase of nuclei in which the

parasyndesis has taken place at the telophase. A description

of this is reserved for a future paper. But in either case the

mechanism of the division of the chromosomes is the same in

principle. There is no longitudinal splitting.
The division is a transverse one, brought about by the

folding of the chromosomes at their middle, and their ultimate

segmentation at the bend there formed. The moieties which

separate at the metaphase are the two 1 i mb s of the

chromosome thus folded, therefore metameric, not antimeric,

moieties

EXPLANATIONOF PLATES 1 and 2.

Illustrating Mr. Arthur Bolles Lee's paper on ' The Structure

of certain Chromosomes, and the Mechanism of their

Division '.

Magnification 1,500 diameters thi'oughout.

Plate 1.

Fig. 1. —Anaphase of pollen grain of Paris q u a d r i f o 1 i a. Chromo-

somes alveolated, with sheath.

Fig. 2. —Early interphase of jjollen grain of P. q n a d r i f o 1 i a. C!hromo-

aomes without sheath, not alveolated, elongated into spirals.

Fig. 3.

—

Triton alpestris. Anaphase of spermatogonium. The

chromosomes as open V's, showing the chromatic axis and periaxial sjjiials

and sheath.

Fig. 4. —The same, a somewhat later stage, showing the chromosomes

folded into very narrow V's.

Fig. .5.— Bombin a tor igneus, spermatogonium. Portion of ana-

phase, showing the chromosome axes and periaxial spirals, but not the

sheath.

Fig. 6.—Salamandra maculosa. One limb of an anaphase

chroTuosome, spermatogonium. Chromatic axis, ])eriaxia] si)iraKs (very

widely spaced), lateral processes, and sheath.
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Fig. 7. —S .1 1 a 111 a n <1 r a a t r a. rlo., do. Sliows same details ; also the

terminal tag on tlie dome-sha]>ed end of the axis.

Fig. 8. —S a 1 a ma n d r a ma c u 1 o s a, oogonium. Anaphase ohromo-

some, entire. Same details.

Fig. 9. —Do.,epiderm. Anaphase chromosome, one limb. Same details.

Fig. 10. —Do., epidermal gland ; anaphase ; one limh of a chromosome.

Spiral with very wide pitch.

Fig. 11.^ —Do., kidney cell. Same details.

Fig. 12. —Do., cornea. Spirals much flattened on to axis.

Fig. 13. —Do., retina of larva, rod and cone layer. Details as last.

Fig. 14. —T r i t o n a 1 p e s t r i s, larva, pulmonary epithelium. Entire

anaphase chromosome. Note the spiral very closely coiled at tip of right-

hand limb, and not continued round the polar bend.

Fig. 15.

—

a, Triton pal ma t u s, S]iermatogonium ; &, S a 1 a ma n d r a

maculosa, spermatogonium; c, do., epiderm. Transverse sections of

anaphase spermatogonia. See text.

Fig. 16. —Ho mo, pus corpuscle from ulcerated skin. Two chromosomes
from an equatorial division figure. Sheath and lateral processes shown,

periaxial spirals invisible, though doubtless existent.

Fig. 17. —Galius d o me s t i c u s, embryonic cartilage. Portion of an

anaphase. Periaxial spirals just visible, sheath strong.

Fig. 18. —A n c y 1 u s 1 a c u s t r i s, buccal epithelium. Tangential

section of anaphase. S])irals, lateral processes, and sheath just visible.

Fig. 19. —S a 1 a ma n d r a maculosa, epiderm. Cliromosome from
a not completely regularized equatorial figure. Spirals indistinct, giving

an impression of ' gi'anules '.

Fig. 20. —Do., from a completed equatorial figure of a spermatogonium.

Details as last.

Fig. 21. —Do., portion of ec[uatorial chromosome of an oogonium.

Details as last two figs.

Fig. 22. —Do., renal epithelium. One limb of an equatorial chromosome.
Spirals distinct on each of the two moieties.

Fig. 23. — e d i p o d a c o t h u r n a . Equatorial chromosome of

secondary spermatogonium. Details as for fig. 19. but sheath stronger.

Fig. 24.

—

Triton pal mat us, spermatogonium. Spireme, early

stage. Chromosomes double, no sheath or other detail.

Fig. 25. —

S

alamandra maculosa, larva, epithelium. Spireme
somewhat more advanced than last. Moieties of chromosomes varicose

(dawn of periaxial spirals).

Fig. 26. —Do., i)ulmonary epithelium. Spireme, later stage. Moieties

very varicose, with abundant lateral processes and sheath.

Fig. 27. —Do., pleural endothelium. ' Segmented ' spireme. Moieties

with large varicosities (Pfitzner's 'granules'), and lateral processes and
sheath.
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Fig. 28.

—

Triton pal mat us, spermatogonium. Later spireme.

Periaxial spirals can just be glimpsed.

Fig. 2!). —S a 1 a ma n d r a a t r a. Spermatogonium. End of anaphase.

Chromosome V's folded into the stave form.

Fig. 30.

—

Triton pal mat us. Spermatogonium. Polar clump.

Chromosomes tightly folded, much contracted.

Fig. 31. —Bombin a tor igneus. Spermatogonium. Polar clump.

As last.

Fig. 32.

—

Triton palmatus. Spermatogonium. Clump showing

chromosomes coalesced. Wholly or in part an artefact.

Fig. 33. —Do., do., do. Clump in polar view.

Fig. 34. —T r i t o n a 1 p e s t r i s. Do. , do. , do. Profile view.

Fig. 35. —Triton pal ma t u s. Do. Clump expanding, early

stage.

Fig. 36. —Do., do., do. Later stage.

Fig. 37. —Do., do., do. Later stage of expansion, clump passing into

telophase.

Fig. 38. —Do., do., do. Same stage, profile view.

Fig. 39. —

S

alamandra maculosa. Oogonium. Same stage, or

early telophase. Axes of limbs of chromosomes closely entwined round

one another.

Fig. 40. —Do., do., do. Somewhat later stage, chromosomes elongating.

Fig. 41.

—

Bombinator igneus, spermatogonium. Clump in stage

of figs. 38 and 39.

Plate 2.

Fig. 42. —S a 1 a ma n d r a ma c u 1 o s a, spermatogonium. Telo])hase,

early, showing telophasic ring in profile (section).

Fig. 43.

—

Triton palmatus. Do., do., do. Note the chromosomes

flattened on to the outside of the hyaline globules, which are in course

of fusing into a ring.

Fig. 44. —Do., do., do. Tangential section of ring. As last. Two large

hyaline globules shown in the middle. Note the ends of the chromosome

axes showing divaricated at the antipolar ends.

Fig. 45. —Do., do. Profile view of a ring at a slightly later stage. C^hromo-

some moieties looser ; chromosomes longer.

Fig. 46. —

S

alamandra maculosa. Renal epithelium. Telo-

phasic ring, same stage as last, same details.

Fig. 47.

—

Bombinator igneus. Spermatogonium. Section of

ring same stage as last, and same details.

Fig. 48. —Do., do. Later stage of telo])hasic ring, polar view.

Fig. 49.

—

Triton palmatus. Polymorph spermatogonium. Mid-

telophase, ring beginning to close. Chromosomes elongated,
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Fig. .")0. —Sa 1 a 111 a n (1 r a in a o u 1 o s a , oogoniiini (]iiimarv). Tolo-

nliasic ring, aliout samo stage as last, clironiosonios more elongated and

taking on an erratie eonrse.

Fig. 51.

—

Triton jialmatus. Large endothelium nueleus from

follicle of testis. Late telo])hase, ring almost closed. Nucleus very flat

;

almost all the chromosomes drawn ; chromosome axes distinctly doubled

and entwined.

Fig. 52. —Do., do., a smaller nucleus, somewhat later stage.

Fig. 53.

—

Bombinator igneus. Endothelium nucleus, entire,

testicular peritoneum. Polar view (not a section) of telophase of same

stage as last. All the chromosomes have been drawn, though not through-

out all their length.

Fig. 54. —H mo. Endotlielium of vein of cutis. Section of telophase,

aliout the stage of fig. 51 or 53.

Fig. 55. —T r i t o n p a 1 ma t u s. Spermatogonium, early interphase.

Fig. 56. —Do. Late interphase, or dawn of spireme.

Fig. 57. —Do., do. Early spireme. Karyoplasm browned by osmium.

Fig. 58. —B ombinator igneus. Peritoneal endothelium. Early

rest stage.

Fig. 59. —Do., do. Later rest stage.

Fig. 60. —Oe d i p o d a c o t h u r n a. Spermatogonium. One half of an

equatorial figure. Chromosomes ail of them as tightly-folded Vs.

Fig. 61. —Do., do. Sagittal section of anaphase. Chromosomes so

tightly folded that they appear as stout curved staves.

Fig. 62. —Do., do. Early telophase, tangential section of ring. Shows

three hyaline globules (to the right).

Fig. 63. —Dec tic us verr u c i vo r us . Spermatogonium. Equa-

torial figure. All the chromosomes drawn. All are tightly folded into the

stave shape ; m is the monosome.

Fig. 64. —Do., do, anaphase, polar view. Chromosomes folded into the

sliape of wedges ; w., monosome.

Fig. 65. —Do., do. End of anaphase. Chromosomes as before.

Fig. 66. —Do. P'-imary spermatogonium. Mid-telophase • m, the

monosome. Some of the chromosomes seem to have their moieties divari-

cated at both ends, as if a transverse segmentation had taken place at the

]>olar ends.

Fig. 67. —Do. Nucleus of connective tissue enclosing cyst of testis. Early

tc'I()])liase.


